cytochromes P450 ͉ in situ drug metabolism ͉ in vitro cytotoxicity ͉ on-chip cell encapsulation R ecent advances in genomics and proteomics coupled with sequencing of the human genome have led to a dramatic increase in the number of screenable drug targets (1). Combinatorial (2) and diversity-oriented synthesis (3) programs along with increased access to natural products and their structural scaffolds (4) have provided vast numbers of compounds to screen against these targets. However, there has not been a commensurate increase in the number of approved drugs (5). A major reason for this is the high failure rate of drug candidates because of factors that are not typically considered in the early stages of drug discovery, including poor ADME/tox (absorption, distribution, metabolism, excretion, and toxicology) profiles (6, 7). Thus, pharmaceutical companies are beginning to evaluate toxicity of drug candidates early in the discovery process to reduce the chances of late-stage failure (8).
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ecent advances in genomics and proteomics coupled with sequencing of the human genome have led to a dramatic increase in the number of screenable drug targets (1) . Combinatorial (2) and diversity-oriented synthesis (3) programs along with increased access to natural products and their structural scaffolds (4) have provided vast numbers of compounds to screen against these targets. However, there has not been a commensurate increase in the number of approved drugs (5) . A major reason for this is the high failure rate of drug candidates because of factors that are not typically considered in the early stages of drug discovery, including poor ADME/tox (absorption, distribution, metabolism, excretion, and toxicology) profiles (6, 7) . Thus, pharmaceutical companies are beginning to evaluate toxicity of drug candidates early in the discovery process to reduce the chances of late-stage failure (8) .
Such early-stage toxicity information requires the development of accurate, reproducible, and predictive in vitro assays. In some cases, validation of in vitro assays has been achieved, such as in percutaneous absorption, skin corrosivity, and phototoxicity (9) ; however, these tests are limited and are not effective for acute organ-specific toxicity or metabolite toxicity. Moreover, in some European industries (e.g., cosmetics and chemicals), animal testing is being phased out entirely, thereby forcing companies to adopt new in vitro screens that effectively predict human toxicity (10) (11) (12) . Thus, the need for concordance between in vitro assays and in vivo responses is becoming greater and more pressing, particularly in high throughput that would enable prioritization of compounds for further development involving animal testing of pharmaceutical candidates (13) or direct human testing of cosmetic ingredients.
High-throughput screening (HTS) assays for toxicity routinely use 96-or 384-well plates with 2D cell monolayer cultures (14, 15) . The multiwell plate format, however, suffers from several limitations, including inefficient removal of reagents from the wells and the difficulty of subsequent washing of cell monolayers (16) . These limitations are further compounded when highthroughput screening of cellular targets is coupled with metabolite synthesis, which requires addition of multiple reagents. More recently, to emulate native microenvironments, 3D cell cultures have been used extensively, particularly in tissue engineering applications, e.g., cell-seeded scaffolds (17) and patterned cocultures (18) as well as in directing cell fate and differentiation (19) . Although miniaturization of 3D platforms has been performed for high-throughput applications (20, 21) , relatively little effort has been directed toward using 3D cell cultures as screening tools for microscale toxicology assays (12, 22, 23) . Herein, we address this technology gap by developing a miniaturized 3D cell-culture array (the Data Analysis Toxicology Assay Chip or DataChip) for high-throughput toxicity screening of drug candidates and their cytochrome P450-generated metabolites. Cell cultures have been performed in volumes as low as 20 nl, which can also be coupled to human P450 metabolite generation (24) . As a result, toxicity analysis of drug candidates and their metabolites can be performed at speeds consistent with the large number of compounds present at early stages of drug discovery.
Results and Discussion
The DataChip is a microarray consisting of a spatially addressable pattern of cells encapsulated in a 3D hydrogel matrix, such as collagen or alginate, which supports cell growth at the microscale. Cells are seeded within the matrix material and are spotted onto a functionalized glass microscope slide by using a standard microarrayer. The DataChip can be incubated in culture medium to support cell growth over time scales relevant for toxicity analysis (up to 5 days).
We initially prepared a DataChip by generating 560-spot microarrays of collagen bottom spots (30 nl each, 14 ϫ 40 spots per slide) onto standard glass microscope slides (25 ϫ 75 mm). The slides were first pretreated with 3-aminopropyltrimethoxysilane (APTMS), followed by poly(styrene-co-maleic anhydride) (PS-MA), which increases the hydrophobicity of the surface while providing a reactive functionality to covalently attach to collagen (Fig. 1A) . The initial collagen spots were Ϸ50-m thick, highly uniform in shape, and distributed uniformly on the slide. Collagen aliquots (60 nl) containing MCF7 cells (initial seeding density of 10 6 cells per milliliter, representing Ϸ60 cells per spot) were then spotted on top of the collagen bottom spots (Fig. 1B) . The resulting spot diameters were 0.6 mm (close to that expected for hemispherical spots), and the center-to-center distance was 1.2 mm (Fig. 1C) . The DataChip was incubated in cell culture medium for up to 5 d (Fig. 1D ) and supported nearly linear growth, as has been observed previously in 3D mammalian cell cultures (23) . The apparent doubling time ranged from 14 to 19 h, similar to that observed in cell monolayer culture (data not shown). By comparison, MCF7 cells grown in 60-l 3D cultures in 96-well plates had a doubling time of Ϸ37 h. The observed difference in growth rates between the DataChip and 96-well plate cell cultures may be due to oxygen transport limitations that are more pronounced in the 1,000-fold-larger volumes of the well-plate cultures. Indeed, Brown et al. (25) found that oxygen transport limitations can be significant for cells cultured in 3D collagen matrices. For the smaller spots of the DataChip, oxygen transport is expected to be less of a limitation than in the well plate, and, as a result, the growth rate should be closer to that observed in monolayer cultures.
The DataChip platform was evaluated by measuring the response of MCF7 cells to varying doses of model compounds (doxorubicin, DOX; 5-f luorouracil, 5-FU; and tamoxifen, TAM), all of which are known to be cytotoxic to MCF7 cells. To that end, 60 nl of each compound was dispensed at concentrations up to 1 mM onto a slide containing only the dried collagen islands in a 14 ϫ 40 array (i.e., without the additional 3D collagen spots). This array was then stamped on top of the DataChip (seeded at 10 6 cells per milliliter), and the dual slide system was incubated for 6 h at 37°C. At the end of the stamping period, any excess compound remaining on the DataChip was washed out, and the cells were grown for an additional 3 d before cell viability was measured. with more conventional plate assays, the accuracy of cytotoxicity data is not adversely affected. Finally, the stamping procedure is performed for 6 h; however, for more conventional growthinhibition studies, the drug or drug candidate remains in contact with the cells for anywhere from 1 to 7 days (23, (26) (27) (28) (29) . Thus, the DataChip enables rapid cellular uptake that results in sufficient exposure to deliver a representative cytotoxic dose of drug. Despite the ability of collagen to support human cell culture on the microscale, the material rapidly gels, thereby limiting the time that cell-seeded collagen remains in the liquid state. Moreover, at longer incubation times, the collagen matrix degraded, perhaps because of the presence of matrix metalloproteinases produced by cells in the culture, which resulted in the leaching of cells out from the 3D matrix (SI Fig. 6 ). To overcome these problems, we switched to an alginate gel matrix, which remained liquid in the absence of a bivalent metal ion and, therefore, allowed more control over DataChip preparation including the generation of spot volumes as small as 20 nl. Alginate is also inert to proteinase-catalyzed degradation.
A 10-nl mixture of poly-L-lysine (PLL) and BaCl 2 was spotted onto the PS-MA-coated glass slides. Barium was used instead of the more common calcium because it is stable in the presence of phosphate (30) , which is a common constituent of cell culture media. The positively charged PLL promoted attachment of the negatively charged polysaccharide constituent of alginate upon gelation. Formation of the 3D cell culture spots onto the DataChip was then achieved by arraying 20 nl of alginate suspension containing MCF7 or Hep3B cells (cell density of 6 ϫ 10 6 cells per milliliter or 120 cells per spot). Gelation on the DataChip slide was immediate because of interaction of the alginate with Ba 2ϩ ions. Growth of both MCF7 and Hep3B cells in alginate was similar to that in collagen (SI Fig. 6 ), but with no spot breakage. Moreover, dose responses to DOX, 5-FU, and TAM in alginate were similar to those obtained with collagen (Table 1 ). In addition, there was no difference in the growth rate as a function of seeding density. For example, MCF7 cells in 20-nl alginate spots on the DataChip showed little difference in growth rate when seeded at 3 ϫ 10 6 cells per milliliter or 6 ϫ 10 6 cells per milliliter (60 or 120 cells per spot, respectively). The doubling times were 26 h and 29 h, respectively. Thus, alginate provides a suitable alternative to collagen and allows for further scale down of the DataChip spots without problems of spot degradation.
Further miniaturization, and enhanced throughput, of the DataChip was achieved by arraying 20 ϫ 54 (1,080) spots by using 20-nl alginate spot volumes. In addition, P450-catalyzed drug metabolism was added to the platform, thereby expanding the DataChip into a more general cytotoxicity screening system for drugs and drug metabolites. P450s catalyze the first-pass metabolism of xenobiotics, thereby generating one or more metabolites (31) , some of which may be more or less toxic than the parent compound. The action of specific P450 isoforms can thus alter the cytotoxic dose responses of the DataChip.
To introduce P450 catalysis into the DataChip platform, we modified the MetaChip (metabolizing enzyme toxicology assay chip), which we used previously to assess the influence of P450 metabolism on prodrug and protoxicant activation (24) , to act as the complementary chip of Fig. 2 . Specifically, a MetaChip consisting of 20 ϫ 54 alginate spots was prepared; each spot contained a single human P450 isoform (CYP1A2, CYP2D6, or CYP3A4), a mixture of the three isoforms, or no P450 as a test-compound control. Addition of test compounds was carried out by overlay spotting onto the MetaChip, which was then stamped on top of a Hep3B DataChip. The three P450 isoforms were highly active on the alginate MetaChip (see SI Table 2 ); in all cases, the values of k cat /K m toward a fluorogenic substrate were within a factor of two of the solution-phase reactions.
IC 50 values for 27 compounds and their P450-generated metabolites were determined against human Hep3B cells by using three DataChips in combination with three MetaChips. The cells were noninduced and were expected to have essentially no intrinsic P450 activity; therefore, they provided a useful model to assess hepatotoxicity with the DataChip platform. Indeed, this was confirmed by growing Hep3B in the absence of inducers, disrupting the cell membranes by using sonication (32) , and measuring the activity of CYP3A4, CYP1A2, and CYP2D6 by using standard fluorogenic substrates. No P450 activity was observed (SI Fig. 7) . The test compounds were added to the MetaChip, which was then stamped onto the DataChip (Fig. 2 ) and incubated for 6 h. The DataChip was then removed, rinsed with growth medium, incubated in medium for 3 d, and stained for cell viability. As shown in Fig. 3A , a single DataChip yielded information on the dose-response of nine test compounds, each performed in one of 45 distinct regions of the DataChip. Each region consisted of a 4 ϫ 6 miniarray that accommodated six different doses of a single test compound with four replicates. Representative dose-responses of four compounds are shown graphically in Fig. 3A , whereas the differential effect of P450 metabolism on nine compounds spotted on a single DataChip is presented in Fig. 3B .
The DataChip platform is able to rapidly identify metabolic activation or deactivation of xenobiotics through the action of P450 isoforms ( Fig. 3 and SI Fig. 8 and SI Table 3 ). Of the 27 compounds, 19 produced IC 50 values Ͻ1 mM and two (digoxin and doxorubicin) produced IC 50 values Ͻ1 M. In both cases, the values determined on the DataChip were similar (within a factor of two) to literature values for related cell types (27, 33) . Moreover, 13 compounds were reactive toward one or more of the P450 isoforms, as evidenced by activation or deactivation of the toxic response by the Hep3B cells (at least 5-fold vs. the parent compound). For example, as expected (34), CYP1A2 strongly activated acetaminophen, converting the compound into a cytotoxic metabolite (presumably the N-acetyl-pbenzoquinone imine). Similar activation was achieved for paraquat (methyl viologen) and isoniazide with CYP1A2 ( Fig. 3 and SI Table 3 ).
Examination of the full DataChip results (SI Table 3 ) reveals that CYP1A2 deactivated lindane, orphenadrine, ketoconazole, theophylline, and cytarabine. CYP2D6 deactivated lindane, orphenadrine, nicotine, doxorubicin, methotrexate, and cytarabine. CYP3A4 activated acetaminophen and cyclophosphamide while deactivating orphenadrine, nicotine, tamoxifen, and doxorubicin. Thus, the DataChip-MetaChip combination was able to accurately predict the influence of P450-catalyzed first-pass metabolism on a diverse range of xenobiotics.
The MetaChip-DataChip platform can also provide information on potential drug interactions. For example, ketoconazole is a well known inhibitor of CYP3A4 (35) . To test whether the presence of ketoconazole would suppress the action of CYP3A4 on the microarray platform, we examined the dose-response behavior of cyclophosphamide for Hep3B. As shown in Fig. 4 , the addition of 3.2 M ketoconazole effectively shut down the conversion of cyclophosphamide into the cytotoxic 4-hydroxycyclophosphamide metabolite. In conclusion, these results illustrate that the MetaChip-DataChip platform can evaluate compounds and their P450-generated metabolites individually or in combination at throughputs commensurate with the expanding influx of early-stage drug candidates.
Methods
Preparation of the DataChips. Type I collagen from rat tail (3.9 mg/ml from BD Biosciences) was diluted with sterile phosphate-buffer saline (PBS from GIBCO) on ice to a final concentration of 2 mg/ml. The diluted collagen solution was spotted onto the PS-MA-treated slides (30-nl spot each, 14 ϫ 40 spot array) by using a MicroSys 5100-4SQ microarray spotter equipped with an extended head (Cartesian Technologies). A suspension of cells in ice-cold collagen was prepared by mixing the cell suspension in 5% FBS-(GIBCO) supplemented DMEM from Sigma so that the final concentration of cells and collagen were 10 6 cells per milliliter and 1.3 mg/ml, respectively (see SI Meth-
Fig. 4.
Dose-response curves for Hep3B DataChip after stamping with CYP3A4 MetaChip exposed to cyclophosphamide: cyclophosphamide alone (F) and cyclophosphamide supplemented with 3.2 M ketoconazole (OE).
ods for cell culturing techniques). After drying of the collagen bottom-layer spots on the slides for 10 min in a sterile Petri dish, 30 nl of the cell suspension in collagen was spotted atop each collagen spot within 10 min. The humidity in the microarrayer chamber was maintained at 90% to retard evaporation of water during spotting. The DataChip was quickly covered with a sterile glass slide separated by a 1-mm thick gasket (McMaster-Carr) to prevent drying of the gel spots. After 30 min of gelation, the DataChip was placed in a 100-mmdiameter Petri dish containing 16 ml of 5% FBS-supplemented DMEM and incubated in a 5% CO 2 incubator (ThermoForma Electron) at 37°C for 18 h before exposing the cells to drug compounds through the stamping process.
The alginate-containing DataChip was prepared as follows. A PLL-barium mixture was prepared by mixing an equal volume of sterile PLL 0.01% (wt/vol) from Sigma) and barium chloride solution in distilled water (0.1 M; Sigma). A suspension of cells in low-viscosity alginate (Sigma) was prepared by mixing a cell suspension in 5% FBS-supplemented DMEM with alginate solution in distilled water so that the final concentration of cells and alginate were 6 ϫ 10 6 cells per milliliter and 1% (wt/vol), respectively. After spotting and drying of 10 nl of PLL-barium mixture on the PS-MA-treated slide, 20 nl of the cell suspension in alginate was spotted atop each PLL-barium spot. After nearly instantaneous gelation, the alginate-based DataChip was placed in 5% FBSsupplemented DMEM and incubated in the CO 2 incubator at 37°C for 18 h before in vitro toxicology assays.
Growth Inhibition Assay with Anticancer Drugs on the DataChip. Three major P450 isoforms including CYP1A2, CYP2D6, and CYP3A4 and a mixture of the three P450s encapsulated in alginate-gel spots were prepared on the methyltrimethoxysilane (MTMOS)-coated slide (24) . The resulting MetaChip was stored at Ϫ80°C for 1 day before use. The activities of three P450 isoforms encapsulated in alginate-gel matrix were tested by using blue fluorogenic substrates (see SI Methods). Cytotoxicity studies were performed by spotting 20 nl of test compound in distilled water (0 -2 mM) onto the MetaChip spots, followed by partial drying. To these spots, 20-nl solutions of DMEM, containing 2 mM NADP ϩ and its regeneration system [67 mM glucose-6-phosphate and 8 units/ml glucose-6-phosphate dehydrogenase in 20 mM potassium phosphate buffer (pH 8)], were spotted. This was followed by stamping of the DataChip containing either MCF7 or Hep3B cells onto the MetaChip. After incubating the stamped MetaChip-DataChip combination for 6 h at 37°C, the DataChip was removed, rinsed for 2 h, incubated for 3 d, stained, and scanned by using the microarray scanner (see SI Methods for cell staining, scanning, and data analysis).
